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Drought is the major environmental factor affecting crop growth, yield and
quality. Two experiments were conducted to understand rice genotypic variability
responses to drought stress conditions during seed germination and early-seedling
growth. In Experiment I, the influence of wide range of osmotic stress on seed
germination properties of 15 rice cultivars were studied using polyethylene glycol media.
In Experiment II, seedling morph-physiological parameters including root traits were
quantified by subjecting rice seedlings to three different soil moisture treatments, 100, 66
and 33% field capacity. Rice cultivars differed in their response to drought at both the
stages. Cultivars were classified into different drought tolerant groups based cumulative
drought response indices. Based on seed- and early-season growth and developmental
responses, RU1104122, Rex, CL111 and RU1304154 were identified as drought tolerant
among the rice cultivars tested. The identified tolerant cultivars will be a source for rice
breeders to develop new drought tolerant cultivars.
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CHAPTER I
GENERAL INTRODUCTION
The world population is presently 7.6 billion and is growing at a rate of 1.12% per
annum. This growth rate will be doubled by 2100 in developing countries that have
accounted for 97% of the present population growth. It is anticipated that by 2025, the
poorest of developing countries will see the greatest percentage increase in population.
Under such circumstances, the biggest challenge the world will face will be food security
to ensure that the people will have access to sufficient, safe and healthy food, uniformly
around the globe. The availability of enough food overall depends upon the agricultural
system. However, the crisis in food and agriculture in the late 2008 already took hold
even before the financial crisis. Also, increasing food prices, along with more lowincome families in developing countries, could lead to civil unrest on a large scale due to
demand for more affordable food. Besides this, close to one billion of the world’s seven
billion populations is chronically hungry.
Climate change catastrophe has impact on all aspects of plant architecture and
represents a serious challenge for developing sustainable agriculture at a time of
significant growth in the global population. Understanding the plant morphological and
physiological mechanisms under constantly changing environmental conditions has been
a subject of great interest for many decades. There is still a significant knowledge gap,
and are unable to predict how well the plant will cope with these challenges. Therefore, a
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focus on molecular, physiological, and metabolic aspects of stress is needed to bridge this
gap to enhance plant stress tolerance in field conditions. This could eventually be
significant for meeting the food security of present and future generations across the
globe.
Rice Origin, History and Distribution
Rice is a Gramineae plant and is a staple food crop cultivated in more than 100
countries around the world. Most of the rice species have diploid nature (2n=24). Rice
being semi-aquatic depends heavily on the soil-water environment for its proper growth
and development. It is considered as an important cereal crop after wheat and accounted
for 738.1 million tons global annual production in 2012. Rice was cultivated in over
162.3 million hectares, with a worldwide average farm yield of 4.5 tons per hectare in
2012. Rice cultivation as a food crop is concentrated towards Asian countries that
globally produce and consume more than 90% of rice, with China producing 28% of the
world’s production, followed by India’s 21% (FAO, 2014). Rice provides 80% of the
calories of the people in Asia daily and provides 28% of protein and 35% of energy
requirements. Also, rice is a rich source of lipids, minerals like potassium and
phosphorus, vitamins, carbohydrate and fiber in diets of people eating rice in different
forms (Benito and Chow, 1991). Although rice has a lower percent of protein content, it
ranks high among cereals in terms of nutritional quality. Despite the fact that the brown
rice is considered to have a higher amount of nutrient content than milled rice, people in
Asia mostly consume milled rice. Moreover, rice bran containing a greater amount of fat,
fiber and minerals are usually removed during milling that reduces the nutritional quality
of the remaining part. People consume rice in the form of Chapatti, noodles, biscuits,
2

puffed rice, breakfast cereals, baby foods, rice oils, and sweet rice (Hsieh and Luh, 1991).
Thus, rice due to its excellent nutritional quality is a dietary staple food for humans
worldwide.
Previous studies suggested that genus Oryza has 20 wild species and two cultigen
species, namely Asian rice (Oryza sativa) and African Rice (Oryza glaberimma). Asian
rice is believed to have originally been domesticated in Asian countries with the first
cultivation beginning in India and China, which eventually spread to different parts of the
world. Studies of previous Chinese authors claim that Asian rice originated in China
(Chang, 1964) while some archeological studies claim India as the center of origin for
Asian rice (Sharma, 2010). African rice is believed to have originally been grown in West
Africa since 1500 B.C. and is considered to be confined to native regions (Chang, 2003).
The unique adaptability and durability in storage spread the rice crop to different parts of
the world. Rapidly increasing world population has led the crop to flourish both in
tropical as well as temperate regions such as India, China, Indonesia, Japan, Korea,
Portugal, Italy, France, China, Spain Romania, Czechoslovakia, and the United States
(Datta, 1981). Moomaw and Vegara (1965) claimed that best yield of rice is obtained
from Czechoslovakia at 49°N to New South Wales, Australia 35°S.
Rice Introduction to the United States
Rice shows wide adaptability and is cultivated in different parts of the world
having different environmental variations like soil type, temperature, and rainfall. Adair
et al. (1973) and Bollich and Scott (1975) in their studies discussed the introduction of
rice to the United States (U.S.) that begin in the mid-17th century. The cultivation of Rice
in the U.S. was actively encouraged by the Carolina colonies in 1685. Dr. Henry
3

Woodward of Charleston from South Carolina made the first effort to cultivate rice in the
U.S. after obtaining seeds from John Thurber, the ship captain of an English brigantine
who was loading and unloading passengers at Charleston Harbor before 1686. The first
industry for rice was set up during the colonial time in the U.S. that eventually pushed the
rice production with an advancement of technology. During colonial times, the U.S.
contributed 5% world’s rice production which accounts about 15-30% of the worlds’ total
export. The systematic introduction of rice was started in 1899 by the U.S. Department of
Agriculture (USDA) by introducing Kishu from Japan under the supervision of S.A.
Knapp. S.L. Wright of Crowley, Louisiana was the first commercial seedsman who
developed commercial rice cultivars through selection. Then in the early 1930s, many
crop improvement programs were initiated by USDA in Arkansas, Louisiana, Texas, and
California. Later on, agriculture research programs were commenced in many other states
of U.S. like Florida, Mississippi, and Missouri.
Rice Growth and Development
Rice growth and development can be distributed into three distinct phases,
namely, vegetative, reproductive and ripening phase. The vegetative phase ranges from
25-90 days that begins with germination and ends with panicle initiation. It is the most
variable growth phase among all the growth phases (Tanaka, 1964). Reproductive phase
is about 30 days long that involves the full development of panicle, its emergence from
leaf sheath, followed by flowering (Hoshikawa, 1975). The ripening phase may vary
from 25 to 45 days based on short grain and long grain cultivars, respectively. This phase
begins with grain filling and ends with maturation.
4

Vegetative Phase
Seed germination in rice starts with the imbibition of water into the seeds and
ends with the emergence of the radicle and coleoptile. Seed germination in rice is
controlled by several environmental factors that involve temperature, relative humidity,
light, depth, and water. A temperature range from 27 °C to 31 °C is optimum for rice
seed germination (Moldenhauer and Gibbons, 2003).
Rice vegetative growth can be marked with the number of true leaves present on
the main shoot. The V1 stage is defined when the first true leaf emerges from an apex.
Similarly, V2 stage or three leaf stage is defined when second true leaf emerges from the
shoot apex. Likewise, we have V3 and V4 stages. The V4 stage is synonymous with the
end of the seedling stage (Hoshikawa, 1989). The time from V1 to V4 stage is also
referred as a pre-tillering period. The rate at which the leaves initiate from the shoot apex
determines the plant growth rate and is highly controlled by the environment (Nemoto et
al., 1995). Tiller bud and crown root potentially start emerging at the V4 stage on the (n3)th node below the emerging nth leaf of the main culm which marks the time of active
tillering. Active tillering is highly influenced by planting density (Counce et al., 1996)
that forms a branching pattern with tillers emerging from unelongated internodes near the
ground. During this period, it becomes hard to distinguish the main culm from tillers and
marks the time of panicle initiation. Tillers emerging after panicle initiation do not form
panicles.
Root Growth in Rice
The rice plant has a unique root morphology. It bears two main kinds of roots:
radicle roots and crown roots. Radicle root emerges in the embryo from the cotyledonary
5

node at the time of germination and grows until panicle initiation. It typically extends to
12 cm in length and supply nutrients to the plant during the vegetative growth. The crown
root growth is synchronized with the leaf emergence. They emerge from the node (n-3)th
below the emerging leaf node (nth) of the plant (Hoshikawa, 1989). The growth of the
emerging crown roots stops with the initiation of heading. Many secondary roots
sometimes also emerge in primary and crown roots and are prominent during anaerobic
conditions.
Reproductive Phase
Reproduction phase in rice begins with panicle initiation, also referred as R0
stage, and ends with anthesis (R4 stage). During this phase, the plant goes through
several morphological changes that are highly controlled by abiotic factors. This involves
an increase in plant height, internodal elongation, culm elongation, booting, panicle
differentiation, downsizing of root and tiller numbers, and the emergence of flag leaf,
heading, and flowering. These morphological changes entirely determine the plant yield
and thus making the reproduction phase a crucial growth phase (Jennings and Sornchai,
1964).
Ripening Phase
Ripening phase begins with the milk stage that involves development of starch in
the grains and ends with the dough stage with the development of the firm whole grain. It
is then followed by the maturity phase. The grain at maturity contains about 20%
moisture and is ready to harvest (Moldenhauer and Gibbons, 2003).
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Rice Production in the United States
Rice is grown in the states of Arkansas, California, Louisiana, Mississippi,
Missouri, and Texas as a source for economic production in the United States (Austin and
Whitney, 1893). The U.S. dedicated 2.9 million acres in 2014/15 for rice cultivation, and
the total output was about 221 million cwt. The average U.S. farm yield for rice was 7572
pounds per acre in 2014/15 (USDA, 2015). Although U.S. rice production accounts for
only about 2% of world output, it accounts for about 10% of all rice exports worldwide.
Mississippi ranks fourth in production among the major U.S. rice-producing
states, with production being mainly confined to the Mississippi-Yazoo Delta (Snipes et
al., 2005). Rice production is concentrated in the northeast area of the state with the
lowland rice is grown in Delta areas and the upland rice in inland districts. Mississippi
rice producers plant long-grain rice over approximately 200,000 acres each year. Rice
also ranks among the Mississippi State’s top agricultural exports. Rice is a staple
economic crop in Mississippi that accounts for more than $140 million annually in
production value. It proves much profitable when planted using early season varieties in
the period from mid-March to mid-April and harvested in the fall, but decreases in yield
at an average of 0.4% per day when planted after April 20. Rice covers 17.5 % of the
total irrigated area in Mississippi and accounts for 80% of the total water usage in
combination with soybean (Kebede et al., 2014). However, due to erratic rainfall
distribution over the entire rice season, Mississippi farmers adopt several irrigation
practices like use of straight levees, straight levees with side inlet, contour levees, zero
grade, intermittent flood management, and sprinkler system for proper growth and
development of rice (Massey, 2010).
7

Irrigation Options to Sustain Rice in U.S. Mid-South
According to the analysis made by Tetra Tech, states in Great Plains and the
Southwest United States are at high risk in terms of water sustainability (Kebede et al.,
2014). It is predicted that these regions are likely to see water scarcity by 2050. Regions
such as East Texas, the Lower Mississippi Basin, California, and the Southeastern U.S.,
are predicted to suffer a water level decrease of more than 5 inches per year by 2050.
According to reports from the Delta Research and Extension Center in Stoneville,
Mississippi, more than 50% rainfall in a year occurred from September to April and
whereas less than 30% occurred in another part of the year that covers the rice period in
the U.S. Mid-South, i.e. from May to September (Kebede et al., 2014). This inadequate
and erratic rainfall sets a major constraint in rice production and limits yield in the U.S.
Mid-South. Controlled irrigation practices are used to avoid the crop failure due to soil
moisture loss during the uneven distribution of rainfall. However, the declining rate of
Mississippi alluvial basin is limiting the effectiveness water pumping and other local
solutions such as enhancing groundwater recharge, rainwater harvesting, and acquiring
more water from neighboring states. To overcome such constraints, irrigation options
such as zero grade and intermittent flood management are being adopted by farmers that
could reduce over pumping and increase rainfall capture (Snipes et al., 2005). The field
trials of such strategies showed yields to be similar to results obtained using a continuous
flood system for most of the rice cultivars (Massey et al., 2014). Such water saving
efforts of the farmers has reduced the requirement of water to produce cwt. of rice by
40% and energy by 53% from 1982 to 2008 (U.S. Rice Federation, 2010). Mississippi
farmers favor dry-seeded, delayed-flood culture, with alternate wetting and drying
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practice (Massey et al., 2014). Rice flooding begins at the V-4 growth stage and the flood
is maintained continuously until after heading. Rice, therefore, receives alternating wet
and dry soil conditions depending upon rainfall during early growth which makes water
stress a major constraint to improving rice productivity (Garrity et al., 1986). However,
identification of drought tolerance at early growth stages among the available rice
cultivars grown in Mississippi could further improve such water saving strategies.
Drought and Its Impact on Rice Growth
Drought being an environmental occurrence can be measured by collecting
historical data of a place on precipitation and other weather parameters. It can cause
severe damage in the field of agriculture which can be characterized by insufficient soil
moisture for proper growth and development at given time. Agricultural drought is
typically determined by soil water deficit in the root zone areas. Soil moisture content is a
major parameter in the study of drought that affects crop water use and thereby indirectly
affects crop growth. The plant uses 50-58% of extractable soil moisture unless water
limited conditions prevail. Root growth ceases in all cultivars of rice when there are
water deficit conditions, either in the vegetative or reproductive stages of the crop (Lilley
and Fukai, 1994a). The response of the plant in later stages of the life is very complex
because of overlapping detrimental effects of drought stress and underground competition
for space and time among other plants (Blum, 1996). Thus, observing the response in the
early growth stages for drought stress is a convenient way to avoid such errors.

9

Drought Impact on Rice Seed Germination
Global climatic changes that feature high temperature and prolonged drought
conditions, in particular, negatively affects the rice growth in many rice growing areas.
Rice being a semi-aquatic plant always has a close relation with water environments for
its entire life cycle. The soils deficient in soil moisture lead to abnormal rice germination.
The environment affects a lot of the maternal plant accumulation of nutrients in the seeds
under stress that may lead to seed germination and seedling growth vulnerable to
environmental severities. Soil moisture is the most critical physiological factor
throughout the processes of rice seed germination typically under drought conditions. The
various processes in rice seed germination like imbibition, enzyme metabolism, radicle
and plumule emergence, and elongation are directly dependent upon the availability of
water. The results of many previous studies showed reduced seed germination and
germination rate under drought stress conditions in rice induced by using polyethylene
glycol (Perez‐Molphe‐Balch et al., 1996; Guo et al., 2006 and Zhao et al., 2007). Similar
results were obtained in other crops like alfalfa (Farooq et al., 2009).), sunflower (Kaya et
al., 2006) pastures (Sharma, 1973), and cowpea (Murillo-Amador et al., 2002).
Drought Impact on Rice Shoot Growth
Plant growth ceases in different cultivars of rice (Oryza sativa L.) when there is
soil water stress during the vegetative or reproductive stages (Lilley and Fukai, 1994b).
Drought may affect many morphological, physiological, and molecular level processes
like reduced transpiration, respiration, stomatal closure, metabolic limitations, and
oxidative damage to chloroplasts. This severely affects photosynthesis, and translocation
of assimilates to the grains (Puckridge and O’ Toole, 1980). In the vegetative stage,
10

drought may result in a decline in leaf expansion, relative transpiration, leaf rolling,
tillering, hampered panicle development, and senescence of rice plant. Rice plants with
reduced leaf area and stunted growth have better tolerance to drought conditions. Drought
in the reproductive stage can result in delayed flowering and reduced dry matter
accumulation. That causes substantial loss of rice yield due to the high percentage of
unfilled grains and reduced grain weight (Woperies et al., 1996).
Drought Impact on Rice Root Morphology
Root growth was impacted in all cultivars of rice when the plants were subjected
to water deficit conditions, particularly during the vegetative stage of the crop (Lilley and
Fukai, 1994a). Early reports indicate that the drought tolerant upland rice varieties
showed long and thick root system (Chang and Vergara, 1975). Root thickness and length
and xylem vessel number have been shown to be positively correlated with drought
resistance among rice cultivars. Measuring root traits of rice plants could facilitate the
development of rice cultivars better adapted to deficient water environments. Drought
physiology research has been concentrated mostly on upland rice to identify the growth
response to various environmental conditions. Research towards the development of
drought resistant cultivars of lowland rice is very limited. Plants of many crops showed
increased development of excessive and deep root system to avoid drought stress. The
development of the rice root system is sensitive to soil water deficit, and thus, drought
resistance in the rice can be improved through an enhanced root system (Lincoln et al.,
1992). The compact soil layer formed at shallow depths of soils in lowland areas as a
result of puddling adversely affect the rice root growth under prolonged dry spells (Zheng
11

et al., 2000). Genetic variation exists in the ability of the rice roots to penetrate the soil to
deeper layers and through dense layers of soils (O’Toole, 1982; Yu et al., 1995).
Screening Root Traits for Drought tolerance
The study of root characteristics such as root length density, root thickness, and
root depth has been significant to improve drought tolerance in rice (Ekanayake et al.,
1985; O’Toole and Chang, 1979). Development of tolerance in rice cultivars in such a
challenging environment is a promising task that requires knowledge of physiological
mechanisms and genetic control of contributing traits at different development stages
(Farooq et al., 2009). Exploring genetic variability of root traits could support rice
improvement programs in developing rice cultivars with desired root traits used as a
function of drought tolerance. Early assessments of root systems was previously
considered as nearly impractical and, for this reason, previous studies on drought
tolerance lack data relating root morphology to response to drought. The need for root
analysis in stress studies particularly for drought has led to the development of
innovations such as wax petroleum layer system and the WinRHIZO system. The wax
petroleum layer system is the facility that was originally developed by Yu et al. (1995)
and has been exploited to characterize the root penetration and their related
characteristics by Zheng et al. (2000). WinRHIZO is one of the advanced root scanners
with an additional feature of precise digital analysis that has made the root analysis a lot
more accurate and quicker for efficient detection of drought-responsive genotypes.
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Identifying Tolerance among Rice Cultivars for Early Season Soil Moisture Stress
in the U.S. Midsouth
There is great need to increase rice production to fulfill the increasing food
demand for rapidly growing populations, but limited fresh water availability becomes a
major challenge in this regard (Zwart and Bastiaanssen, 2004). However, reducing water
resource requirement for rice production can be beneficial for society and the
environment where water is scarce. So, in today’s world, where on one hand we have
population pressure and on another hand we are dealing with water scarcity, the challenge
is to grow rice with less water in a manner that should be socially acceptable,
economically viable, and environmentally sustainable. Rice growth involves genetic,
physiological, ecological, and morphological events and their interaction determines the
quantity and quality of plant growth and yield. Developing drought resistant varieties has
become crucial to deal with problems of drought stress conditions and greenhouse gas
emissions from the standing water in the rice fields. The identification of the rice
cultivars with drought tolerance is the first and foremost step for making such breeding
programs successful. The rapidly declining water levels of the Mississippi alluvial aquifer
from the past 5 years has resulted in the declining trend in rice cultivation over entire
U.S. Mid-South region (Kebede et al., 2014). Moreover, water saving strategies like
direct dry seeding, zero grading method, and intermittent flooding (Kebede et al., 2014;
Vories et al., 2005) that reduce water pumping and increase the rainfall capture may
subject rice seedlings to early-season moisture deficits. Screening of the available rice
cultivars for their level of tolerance to moisture stress during seed germination and early
seedling growth would be a major step to improve such strategies. However, hardly any
work has been done to identify drought tolerance among rice cultivars during seed
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germination and early seedling growth stages in the areas of the US Mid-South.
Therefore, there is a need to identify drought tolerance among commonly grown rice
cultivars to ensure successful seed germination, emergence, and stand establishment.
That will further help to improve and initiate appropriate water saving irrigation options
that are favorable to the rice farmers and will also be significant for selection and
improvement of drought resistance in the rice cultivars. This study quantifies the effect
of osmotic potential on germination rate of the rice genotypes. The study further
quantifies the impact of different soil moisture levels on morphological and physiological
parameters of rice genotypes commonly grown in US Mid-South region for early-season
moisture deficits. These genotypes were classified into drought tolerant groups based on
the genetic variability determined during seed germination and seedling growth.
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CHAPTER II
DEVELOPING A SCREENING TOOL FOR OSMOTIC STRESS TOLERANCE
CLASSIFIATION OF RICE CULTIVARS BASED ON IN VITRO SEED
GERMINATION
Abstract
Direct seeding is the common agronomic practice for growing rice in the US MidSouth. However, dry soil conditions at the time of sowing may cause delayed and nonuniform seed germination that can be further aggravated by the low temperature
conditions. Understanding the variation in response to soil moisture deficit among rice
cultivars during seed germination would be useful in optimizing direct seeding practices
and in breeding programs. An in vitro experiment was conducted to study the impact of
osmotic stress using polyethylene glycol (PEG) on seed germination properties of 15 rice
cultivars commonly grown in the US Mid-south production system. Time-series data for
seed germination was generated using a wide range of osmotic potentials, 0 to -1.0 MPa,
with -0.2 MPa increments. Cumulative seed germination over time was fitted to a 3parameter sigmoid function to derive parameters needed for further analysis. Seed
germination rate (SGR), maximum seed germination (MSG), maximum osmotic potential
when seed germination is zero (MSGOPmax), and maximum osmotic potential when seed
germination rate was zero (GROPmax) were derived based on regression techniques
between these parameters and osmotic potential. Cultivars differed significantly for
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MSG, SGR, MSGOPmax, and GROPmax. MSG, and SGR significantly decreased with
decreasing osmotic potential. Cumulative drought response indices (CDRI), developed by
summing individual response index values of parameters for each trait, were used to
classify cultivars into low, moderate, and high drought-tolerant groups. Among the 15
cultivars tested, Cheniere was identified as the least tolerant and RU1204122 as the most
tolerant to drought based on the seed germination traits. The identified tolerance and the
numerical scores among the rice cultivars will be helpful for the rice producers in
selecting the variety best suited for a specific environment. They can also help rice
breeders in developing drought tolerant cultivars for variable climatic conditions.
Introduction
Seed germination is a multistage process that begins with imbibition of water and
is considered to be completed with initiation of embryo growth. The latter causes change
in seed water content and coincides with radical elongation (Bradford, 1990). Seeds take
a significant amount of time to imbibe water from the external source (soil) for initiating
radical emergence. The radicle emerges during a period of near equilibrium between the
seed water potential (Ψ) and its surroundings Ψ, which is affected by various
environmental and physiological factors. The factors that control these processes may
include temperature, soil moisture, seed quality, depth, seed size, seed treatment, soil
type, and salinity, humidification, and hardening (Lee et al., 1998; Seepaul et al., 2012;
Krishnan et al., 2011). Temperature (Liu et al., 2015; Jan et al., 2015), salinity (Kurniasih
et al., 2013; El Mokhtar; 2015), drought (Zheng et al. 2015), and phytohormones (Wei et
al. 2015) have been reported to affects rice seed germination. These studies illustrate the
importance of environmental stresses on the seed germination process. However, limited
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quantitative information is available between the osmotic potential and rice seed
germination traits to help in management and to assist in crop modeling. Also, extensive
genotypic variability in response to osmotic stress is not available to assist the breeders
for developing drought tolerant cultivars. Therefore, functional relationships between
seed traits and osmotic stress and developing a screening tool for osmotic stress tolerance
classification based on seed germination would be useful for rice producers and breeders.
Developing different concentrations of osmotic potentials is a primary objective
to study seed germination responses to osmotic stress. Under in vitro conditions, a series
of osmotic potentials could be developed by adding various osmotic substrates such as
sucrose, salt, or polyether to water and the medium has been used as a surrogate method
to mimic field-level soil moisture content. Using artificial media that lowers the osmotic
potential that interact with other processes is a concern. Sharma (1973) identified
polyethylene glycol (PEG) as a more effective osmaticum for seed germination studies
compared to sodium chloride (NaCl) and mannitol, which, at higher concentrations, not
only affect seed germination but also impact other processes such as radicle cell damage.
Liu et al. (2007) illustrated this damage and showed that delayed root cell death under
PEG-induced osmotic stress than under NaCl stresses. Therefore, PEG has been used to
study osmotic and seed germination assays in many crops including rice (Perez‐Molphe‐
Balch et al., 1996), pastures (Sharma, 1973), oat (Willenborg et al., 2005), Switchgrass
(Seepaul et al., 2012), ornamental pepper (Gajanayake et al., 2011), alfalfa (Zeid and
Shedeed, 2006), chickpea (Macar et al., 2009), and wheat (Lafond et al., 1986). These
studies have proved PEG to be an effective osmotic media for conducting in vitro seed
germination tests in response to drought stress.
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Several successful models for seed hydration treatments have been developed to
study the physiology of seeds. These include measuring the maximum seed germination
(MSG), rate of seed germination (SGR), and time to reach 50% germination in response
to water potential thresholds for radical emergence among genotypes. Hydrotime series
models for seed germination, germination rate among commercial cultivars (Gajanayake
et al., 2011; Windauer et al, 2007; Windauer et al., 2012) have been estimated. Seed
germination models developed in switchgrass (Seepaul et al., 2012), ornamental pepper
(Gajanayake et al., 2011), pepper and wheat (Lafond et al., 1986) will be useful for
unraveling genotypic variability. The previous rice seed germination studies mainly
illustrated the response of rice to salinity and temperature (Kurniasih et al., 2013; El
Mokhtar; 201; Liu et al., 2015; Jan et al. 2015). However, very few models have been
developed particularly for water and salinity, and temperature stress effects to quantify
the responses of rice seed germination that will also provide a precise screening tool for
evaluating genotypes based on in vitro seed germination. To our knowledge, there are no
studies addressing screening techniques using PEG and rice cultivar seed germination
responses.
Direct seeding of rice is becoming a common practice in the different parts of the
world. It is the major cultivation method in developed countries like the U.S. where over
80% of the rice is grown in the five southern states of Arkansas, Louisiana, Missouri,
Mississippi, and Texas. Farmers in US Mid-south are favoring many water and energysaving practices such as direct seeding and dry bed seeding practices of rice to obtain
early harvest (Massey et al., 2014; Vories et al., 2013). The dry soils at the time of
seeding, however, may encourage delayed and non-uniform emergence resulting in
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reduced plant population and finally reduction in yield. In order to enhance the rice
germination, farmers are adopting different seed treatment practices such as seed priming
and pre-soaking to obtain vigorous and uniform emergence and seedling growth (Islam et
al., 2012; Zheng et al. 2015). However, such practices did not avoid dry stress at
germination and show improved seedling establishment, especially in drought tolerant
genotypes (Matsushima and Sakagami, 2013). Further, the erratic distribution of rainfall
in the U.S. Midsouth allows only 28% of annual rainfall to occur during the rice growingseason of April to September, with limited recharge of water in the aquifer (Kebede et al.,
2014) resulting in prevailing dry soil conditions during this period. These dry conditions
synchronize with the early growth and development of rice, with its first severe impact on
seed germination that may lead to failure of later growth and development (Kaya et al.,
2006). Further, low temperatures during sowing time of the rice can delay the seed
germination and, therefore, aggravate the effects of dry soil conditions on germination.
Therefore, the adoption of direct seeding practices in rice can intensify the risk associated
with shortage of water during seed germination and early seedling growth stages of the
rice crop.
Growing rice under water deficit conditions is one of the arising problems in the
US Midsouth. Ault et al. (2014) reported that changes in climate in the US southern
regions would probably increase the risks of multi-decade mega-drought that features
prolonged drought conditions resulting in notable human and financial costs. Therefore,
these issues will have implications for rice germination and subsequent growth and
development of rice in these areas, thus warranting more research on rice cultivar
response to drought. Despite previous research success on rice breeding and agronomy, a
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large gap still exists in the research field to assess the variation in response to moisture
deficit among rice cultivars grown for economic production in US southern regions.
Understanding cultivar response to drought would help in the mitigation of the major
problem of soil moisture stress during direct seeding in rice. Moreover, the identification
of cultivars-specific critical soil moisture levels would help to ensure successful seed
germination, emergence and stand establishment of cultivars already in use by farmers.
The overall objective of this study, therefore, was to quantify the effect of osmotic
potential on the germination rate of the rice genotypes commonly grown in US Mid-south
region.
Materials and Methods
Seed Material
Rice seeds used for evaluating the seed germination response to different levels of
osmotic stresses were grown under uniform and optimum conditions at the MSU Delta
Research and Extension Center, Stoneville, MS (33° 42´ N, 90° 92´ W) during the 2013
growing season (Table 2.1). Upon harvest, seeds of the different cultivars were first
uniformly processed to remove physical and other impurities, including empty or halffilled grains, dried to at least 14% moisture content, and put in cold storage until use.
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2003 – Louisiana

1997 – Louisiana

Cheniere

Cocodrie

2014 – Arkansas

2012 – Louisiana

2010 – Mississippi

Lakast

Mermentau

Rex

12,279

11,943

13,407

12,004

12,192

*Year released / Origin **Yield
(Kg/Ha)

Cultivar

A short-season good yielding variety, with semi-dwarf plant height of 107 cm, long
grains, excellent straw strength, and very good milling quality. It is highly susceptible to
blast, sheath blight, bacterial panicle blight, and narrow brown leaf spot, but is
moderately resistant to straight head and lodging.

A medium-maturing, good yielding variety with long grains and plant height of 99 cm. It
is susceptible to sheath blight and blast, and moderately susceptible to bacterial panicle
blight.

A medium-maturing, high-yielding variety with long grains and plant height of 111 cm.
It has good milling quality, but is susceptible to blast and sheath blight.

A short-season, good yielding variety, with semi-dwarf plant height of 99 cm, longgrain, and good milling quality. It is susceptible to sheath blight, blast, stem rot, kernel
smut, and false smut; moderately susceptible to leaf smut, lodging, black sheath; highly
susceptible to straight head and bacterial panicle blight; and moderately resistant to
brown leaf spot.

A short-season good yielding variety, with semi-dwarf achieves plant height of 96 cm,
long-grain, and less oil in bran than Cocodrie. It is susceptible to sheath blight, blast,
stem rot, kernel smut and false smut; moderately susceptible to lodging, black sheath,
bacterial panicle blight; highly susceptible to narrow brown leaf spot; and moderately
resistant to leaf smut, brown leaf spot, and straight head.

***Description

Description of 15 rice genotypes used in the study that are grown in the Mississippi rice production system.

Table 2.1
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2009 – BASF, Horizon Ag 12,325

2009 – BASF, Horizon Ag 12,379

2008 – BASF, Horizon Ag 13,567

CL111

CL142-AR

CL151

Table 2.1 (continued)

2006 – Rice Tec, Inc.

2007 – Rice Tec, Inc.

CL XL729

CL XL745

13,669

13,528

A short-season long-grain, high yielding hybrid, with plant height of 114 cm. It is highly
susceptible to false smut and lodging, moderately susceptible to sheath blight, stem
rot, kernel smut, black sheath rot, and narrow brown leaf spot, moderately resistant to
straight head, bacterial panicle blight, and blast, and resistant to brown leaf spot.

A short-season long-grain, high yielding hybrid. It has plant height of 112 cm, is
susceptible to false smut and lodging; moderately susceptible to sheath blight, stem
rot, kernel smut, and narrow brown leaf spot; moderately resistant to blast, straight
head, and bacterial panicle blight; and highly resistant to brown leaf spot.

A short-season, long-grain variety. It has plant height of 109 cm, and excellent milling
yield potential, and is resistant to sheath blight, blast, and bacterial panicle blight.

2011 – Rice Tec, Inc.

XL753

14,782

A short-season, long-grain variety. It has plant height of 102 cm, is susceptible to sheath
blight, moderately susceptible to blast and bacterial panicle blight, moderately resistant
to straight head and lodging, and highly resistant to narrow brown leaf spot.

2011 – BASF, Horizon Ag 11,549

A short-season, long-grain variety. It has plant height of 102 cm and is very susceptible
to blast, stem rot, straight head, and bacterial panicle blight; susceptible to sheath
blight, kernel smut, false smut, lodging, black sheath rot, and narrow brown leaf spot;
and resistant to brown leaf spot.

A short-season long-grain high yielding variety with good milling potential. It has plant
height of 116 cm. It is susceptible to sheath blight, blast, stem rot, kernel smut, false
smut, black sheath rot, and narrow brown leaf spot, but is resistant to brown leaf spot.

A very short-season long grain variety, with plant height of 104 cm. It is susceptible to
sheath blight, blast, stem rot, kernel smut, false smut, lodging, black sheath rot, and
narrow brown leaf spot; moderately susceptible to straight head; and resistant to
brown leaf spot.

CL152
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Mississippi

Mississippi

RU1204122

RU1304154

12,057

11,592

12,306

Good yielding variety with plant height of 109 cm and is resistant to lodging.

Good yielding variety with plant height of 102 cm. It is resistant to lodging.

It is good yielding variety with plant height of 104 cm. Yields are similar to the
commercially available CL111, CL142-AR, and CL151.

* Arkansas Rice Performance Trials, 2012-2014.
*Arkansas Rice Production Handbook - MP192.
**Average yield performance of rice cultivars at seven on-farm locations, 2014 described in Mississippi Rice Variety Trials, 2014.
*** Mississippi Rice Variety Trials, 2014.
*** Arkansas Rice Performance Trials, 2012-2014.
***Arkansas Rice Production Handbook - MP192

Mississippi

RU1104122

Table 2.1 (continued)
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Seed Germination Testing
The study was conducted in vitro at the Environmental Plant Physiology
Laboratory, Mississippi State University, Mississippi State, MS, USA. The germination
of rice seeds was performed according to the rules described by the Association of
Official Seed Analyst (AOSA). The design was completely randomized design with twofactors (15 genotypes × 6 levels of treatments) where each genotype was replicated four
times using 100 seeds per replication. The six levels of treatments were developed using
the appropriate amount of polyethylene glycol (PEG, molecular weight 8000). The
decreasing order of osmotic potential represents 0.0 MPa, -0.2 MPa, -0.4 MPa, -0.6 MPa,
-0.8 MPa, and -1.0 MPa, respectively. The amount of PEG required to develop the
desired osmotic potential was calculated according to the equation developed by Michel
(1983). Seeds were initially treated with Captan 50-WP [cis-N-{(trichlormethyl)thio-4cyclohexene-1,2- dicarboximide}] at 2.5g kg-1 seed before germination test to avoid any
fungal infection during the test. Seeds were then placed in sterilized plastic plates with
two layers of paper towels moistened with an appropriate concentration of PEG and then
incubated (Fisher Scientific, Inc., Suwanee, GA, USA) at constant temperature of 25 ±
1.0 ºC. Following incubation, the plates were examined at six-hour intervals. Data for
temperature was recorded using three data loggers (WatchDog Model 100, Spectrum
Technologies, Inc., Aurora, IL, USA) placed evenly in the top, middle, and bottom
shelves of the incubator. Seed with radicle length equal to or longer than half of seed
length were considered as germinated seed and were discarded subsequently. The
experiment was terminated when no germination occurred for three consecutive days or
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15 days after incubation. Also, 100-seed weight was recorded for each genotype in four
replicates.
Curve Fitting Procedure for Germination Time Course
The cumulative seed germination time course data was fitted to a 3-parameter
sigmoidal function (Eq. 2.1) using Sigma Plot 13 (Systat software, Inc., San Jose, CA,
USA) to generate estimates of maximum seed germination percentage (MSG) at time t,
the shape and steepness of the function (Grate), and a time to reach 50% of maximum
germination (t50).
Y=MSG / {1 + exp [− (t − t50) / Grate]}

(2.1)

The MSG and the rate of development (SGR) derived by the reciprocal of t50
were further analyzed using linear (Eq. 2.2) and quadratic model functions (Eq. 2.3),
which provided regression constants to estimate maximum osmotic potential when seed
germination was zero (MSGOPmax) (Eq. 2.4) and maximum osmotic potential when seed
germination rate was zero (GROPmax) (Eq. 2.5), respectively, for all rice cultivars.
MSG = a + bx + cx2

(2.2)

SGR = a + bx

(2.3)

where, x is the treatment osmotic potential and a, and b are cultivar specific
quadratic equation constants generated using regression function in Sigma Plot 13.
MSGOPmax = −b − (√-b2 − 4ac) / 2c

(2.4)

GROPmax = -a / b

(2.5)

where, x is the treatment osmotic potential and a, and b are cultivar-specific linear
equation constants generated using regression function in Sigma Plot (Systat Software,
Inc.).
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Cumulative Drought Response Index (CDRI) for Seed Germination
Individual drought response index (IDRI) for the linear model function for SGR
(a, and b), GROPmax, and for MSGOPmax were calculated by dividing the minimum value
(Pmin) among all cultivars by the maximum observed value of a specific cultivar (Ps) for
the given parameter (Eq. 2.6). The rice cultivars were then classified into drought tolerant
groups based on the cumulative drought tolerance index (CDRI) generated by summation
of the IDRI values (Eq. 2.7) of the selected seed parameters.
IDRI = Pmin / Ps

(2.6)

where, Pmin is the minimum values among all cultivars for P parameter, and Ps is
the observed values of the specific cultivars for P parameter.
CDRI = amin / as + bmin / bs + GROPmaxmin / (GROPmaxs) + (MSGOPmaxmin / (MSGOPmaxs) (2.7)

where a, and b are the cultivar-specific linear equation constants for SGR
generated using regression functions in Sigma Plot 13.
Data Analyses
The seed parameters were analyzed using one-way ANOVA procedure (PROC
GLM, SAS 9.4) and Sigma Plot 13 (Systat software, Inc.) to determine the effect of
osmotic potential and cultivar effects on seed parameters.
Results and Discussions
This study evaluated the 15 rice cultivars that are commonly grown in the U.S.
Midsouth rice production system for tolerance to moisture stress. Previous researchers
had only used MSG and SGR to quantify the response of seed germination to osmotic
stress in most crop species (Perez‐Molphe‐Balch et al., 1996; Seepaul et al., 2012). To
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our knowledge, this is the first study to use maximum osmotic potential, estimated when
seed germination was zero (MSGOPmax), maximum osmotic potential, estimated when
seed germination rate was zero (GROPmax), along with MSG and SGR, to best quantify
the response of rice seed germination to osmotic stress. Moreover, previous germination
studies in rice were mostly confined to assessment of salinity and temperature stress
effects (Liu et al., 2015; Jan et al., 2015; Kurniasih et al., 2013; El Mokhtar; 2015). The
limited work has been done to study the response of different rice cultivars to osmotic
stress during germination. These studies have developed screening tools to screen and
classify the cultivars for osmotic stresses during early seedling and later development
stages. The present study introduces CDRI as screening tool screen to classify the
different rice cultivars for osmotic stress based on seed germination traits.
Time-series for Seed Germination
The three-parameter sigmoid function best described the rice seed germination
and time series data for all the cultivars studied with R2 ranging from 0.92 to 0.99 (Fig.
2.1). Germination time response differed among the 15 cultivars. On average, seed
germination in all the cultivars began three days after incubation for all the cultivars
under the control conditions, i.e. without the addition of PEG. At control (0.0 MPa),
maximum seed germination ranged from 67% (Cheniere) to 94% (RU1104122) (Table
2.1). Time-series analysis showed a rapid fall in the percent seed germination of each
cultivar with increasing osmotic stress. Most rice cultivars did not germinate at or beyond
-1.0 MPa osmotic potential. The cultivars Cocodrie, Lakast, Rex, and RU1104122,
germinated to a limited extent at -0.8 MPa osmotic potential (Fig. 2.1). However, at -0.8
MPa, seed germination in most of the cultivars began on the sixth day from incubation.
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Seepaul et al. (2011) described maximum seed germination and time to reach 50%
germination also using 3-parameter sigmoidal functions. They obtained different
responses for upland and lowland ecotypes in switchgrass to the germination time series.
Previous studies have showed that rice seeds could be highly infected with seed borne
fungal infections (Nguefack et al., 2008) that may adversely affect the seed germination.
However, seed borne infection was negligible when the seeds were treated with Captan
50-WP [cis-N-{(trichlormethyl) thio-4-cyclohexene-1, 2- dicarboximide}] at 2.5 g kg-1
seed before germination during the final tests. Nguefack et al. (2008) statistically defined
the control of seed borne infection during rice seed germination after treating the rice
seeds with different essential oils. Presoaking treatments using various salt solutions as
disinfectant like sodium hypochlorite is common practice to prevent delayed and nonuniform germination in many rice producing countries (Mikkelsen and Sinah, 1961).
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Figure 2.1

Germination time course of four rice cultivars representing different
tolerance levels at a range of osmotic potentials (0 to - 1.0).

Cumulative germination data is represented using symbols and germination time course
is represented using lines fitted through a three-parameter sigmoidal function.
Maximum Seed Germination (MSG)
The estimated maximum seed germination percentages varied among the cultivars
and linear and quadratic responses were observed for various cultivars (Fig. 2.2 and
Table 2.2). At control (0.0 MPa), nine cultivars showed 90% MSG, four showed more
than 80% MSG, and two showed more than 60% germination among the fifteen cultivars.
However, 10 cultivars (67%) showed higher MSG than the average MSG value (89%)
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(Table 2.2). Cultivars differed significantly (P < 0.0001) for MSG and cultivar by
osmotic potential interactions were also significant (P < 0.0001). Cultivars varied
significantly (P < 0.0001) for maximum osmotic potential, estimated when seed
germination was zero (MSGOPmax), which ranged from -1.19 MPa (Cheniere) to -0.51
MPa (CL142 AR) (Table 2.2). MSG decreases with decreasing osmotic potential among
all cultivars (Fig. 2.2) that may due to reduced imbibition of water by seed for the embryo
growth under osmotic stress. The cultivars, Lakast (32%), Rex (41%) and Cocodrie
(42%) had minimum decline in MSG and at the same time Cheniere (99%) and CL142AR (90%) had maximum decline in MSG with increasing osmotic stress treatments from
0.0 MPa to -0.8 MPa among the 15 cultivars studied. Several seed germination studies on
different crops observed declines in MSG with decreasing osmotic potential (MurilloAmador et al., 2002; Willenborg et al., 2005; Seepaul et al., 2012; Zeid and Shedeed,
2006; Macar et al., 2009). Kurniasih et al. (2013) observed the severe reduction in
germination and seedling drought with increasing NaCl concentration from 50 to 200
mM when used as osmotic media. However, the present study provides the new concept
of (MSGOPmax) to determine the response to osmotic stress. The previous studies did not
provide any method to calculate the maximum osmotic stress at which MSG becomes
zero for the cultivars tested. The present study, on the other hand, further identified
significant genetic variation among cultivars for MSG at different treatment levels. Perez‐
Molphe‐Balch et al. (1996) reported significant suppression in seedling growth and
cultivar-specific changes under PEG-imposed water deficit in three rice cultivars.
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Figure 2.2

Osmotic potential effects on (A) maximum seed germination, and (B) seed
germination rate of four rice cultivars representing different drought
tolerance levels.
31

Seed Germination Rate (SGR)
Seed germination rate (1/t50), decreased linearly with decreasing osmotic
potential (Fig. 2.2 and Table 2.2). Cultivars differed significantly (P < 0.0001) for SGR
and cultivar by osmotic potential interactions were also significant (P < 0.0001). At
control (0.0 MPa), SGR ranged from 0.22 d-1 to 0.41 d-1 with an average SGR of 0.37 d-1.
The cultivars, RU1104122, Rex, and RU1204122, had higher SGR while Cheniere and
Mermentau showed lower SGR. Nine cultivars (60%) showed higher SGR values than
the average SGR value (0.37 d-1). Cultivars varied significantly for maximum osmotic
potential, estimated when seed germination rate was zero (GROPmax), which ranged from
-1.44 MPa (Lakast) to -1.04 MPa (CL142 AR) (Table 2.2). Positive and linear correlation
was observed between SGR and maximum seed germination (MSG), R2 = 0.73. The
maximum and minimum decline in SGR from 0.0 MPa to -0.8 MPa was observed in
Cheniere (90%) and Lakast (58%), respectively. Significant decrease in germination rate
(SGR) with decreasing osmotic potential was identified in previous seed germination
studies (Murillo-Amador et al., 2002; Willenborg et al., 2005; Seepaul et al., 2012; Zeid
and Shedeed, 2006; Macar et al., 2009; Lafond et al., 1986). However, these studies have
not identified the maximum osmotic potential at which SGR becomes zero for the
cultivars tested.
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25.8
27.9
23.9
22
21.7
21.8

CL142-AR

CL151

CL152

XL753

CL XL729

23.4

MERMENTAU

CL111

25

LAKAST

28.1

24.1

COCODRIE

REX

23.9

CHENIERE

82.5

79.9

91.2

91.8

93.8

92.4

92.6

84.8

92.9

96.3

67.2

Seed weight
(mg)
MSG (%)
73.9

B

-98.9

-

c

0.96

0.92

R
2

8.4

-87

0.97

78

-99.2

0.98
-46.9 -122.7 0.98

79.1 -17.1

89.2 -30.5 -119.8 0.96

88.2 -46.4 -147.5 0.98

87.9 -69.5 -204.9 0.97

91.4 -20.7 -108.4 0.98

89.6 -46.2 -123.6 0.98

84.6

87.7 -42.9 -108.6 0.94

89.3 -25.6

67

A

Equation constants

Analysis of seed germination parameters.

Cultivars

Table 2.2
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-0.63

-0.81

-0.75

-0.63

-0.51

-0.83

-0.68

-1.03

-0.72

-0.83

-1.19

MSGOPmax
(MPa)

0.33

0.35

0.37

0.35

0.36

0.35

0.4

0.28

0.38

0.38

0.21

a

0.29

0.31

0.35

0.31

0.35

0.33

0.35

0.23

0.26

0.3

0.21

B

Equation constants

0.99

0.97

0.97

0.96

0.98

0.98

0.99

0.95

0.95

0.96

0.96

R

2

-1.15

-1.13

-1.06

-1.1

-1.04

-1.07

-1.17

-1.22

-1.44

-1.25

-0.95

GROPmax
(MPa)

24.4
23.1
23.1

RU1104122

RU1204122

RU1304154

89.4

91.6

94.2

87.2

-25

89.3

91.5
-5.7

-9.8

90.8 -43.8

85.7
0.99

-109.7 0.98

-115.9 0.96

-119

-109.7 0.93

-0.88

-0.85

-0.71

-0.78

0.38

0.4

0.41

0.38

0.34

0.36

0.33

0.3

0.97

0.95

0.99

0.98

-1.11

-1.12

-1.24

-1.25

Cultivar effect
***
***
***
***
***
***
† The significance levels ***, **, and NS represent P ≤ 0.001, P ≤ 0.01, and P>0.05, respectively.
Seed weight, maximum seed germination percentage (MSG), quadratic equation constants, coefficient of determination (R2) for
MSG, estimated maximum osmotic potential when seed germination is zero (MSGOPmax), linear equation constants, coefficient of
determination (R2) for seed germination rate (SGR), and estimated maximum osmotic potential when seed germination rate is zero
(GROPmax) of the 15 rice cultivars.

23.2

CL XL745

Table 2.2 (continued)
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Cumulative Drought Response Index (CDRI)
The CDRI worked well in screening the cultivars for drought tolerance based on
germination traits. The correlation coefficients among seed-based parameters were used
as a criterion for select the parameters to use for the classification. There were significant
for seed weight among the cultivars, but seed weight was poorly correlated with MSG,
SGR, and CDRI. Therefore, seed weight-based traits could not be used in drought
response screening. Previous studies suggested MSG to be highly controlled by
phenotypic factors (Ellis et al., 1987; Gutterman, 2000) or the carrying environment
(Fenner, 1991) and, therefore, was not used for the classification. The study introduces a
new concept to screen and classify rice cultivars in response to osmotic stress based on
seed traits. The use of maximum osmotic potential, estimated when seed germination was
zero (MSGOPmax), maximum osmotic potential, estimated when seed germination rate
was zero (GROPmax), and regression constants for seed germination rate were highly
efficient in classifying the rice cultivars for drought tolerance. Gajanayake et al. (2011)
developed a similar method to classify the genotypes of ornamental pepper for heat and
cold tolerance. The cumulative drought response index (CDRI) values generated varied
from 2.94 to 3.52 based on means and standard deviation for the cultivars tested. Among
15 rice cultivars, Cheniere, CL151, CL XL729, Mermentau, CL142AR showed low
CDRIs. CL 111, Lakast, XL753, and CL152 showed moderately low CDRIs, and
Cocodrie, Rex, CL XL745, RU1204122, RU1304154, and RU1104122 showed high
drought tolerance based on seed germination vitality traits (Table 2.3). Rex and Cocodrie
have been some of the most widely used rice by producers in Mississippi during the last
decade. Rex, for example, occupied roughly 15% of the rice area in the state in 2013
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(MAFES, 2013). CL XL745, on the other hand, has been one of the highest yielding
hybrids in the Mississippi on-farm trials for several years already (MAFES, 2013; 2015).
Moreover, the breeding line RU1104122 was released as a new variety by MSU in 2015
as CL163 and is now being commercialized by HorizonAg (MAFES, 2015). The high
drought tolerance scores of these cultivars and hybrid as determined in this study, as
compared to the other commonly grown varieties and hybrids in Mississippi, would assist
rice producers in the state in selecting a variety best suited to their rice growing
environments. Additionally, RU1204122, RU1304154 are elite breeding lines under
development. Rice breeders may, therefore, advance them as potentially drought tolerant
variety releases or use them as parents in crosses designed to develop drought tolerant
cultivars adapted to the Mid-south rice production system. With future climates
projected to be erratic and challenged by drought and temperature stresses, such varieties
would play an important role in increased rice productivity under future rice production
systems.
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(CDRI = 3.15 - 3.34)
CL111 (3.23)
Lakast (3.27)
XL753 (3.27)
CL152 (3.30)

(CDRI < 3.14)

Cheniere (2.94)

CL151 (2.96)

CL XL729 (2.97)

Mermentau (3.02)

RU1204122 (3.52)

RU1304154 (3.45)

CL XL745 (3.37)

RU1104122 (3.37)

Rex (3.37)

Cocodrie (3.35)

(CDRI = 3.35 - 3.54)

High drought-tolerant

Classification of 15 rice cultivars into low, moderate, high and very high drought tolerant groups based on cumulative drought
response indices (CDRI), along with individual scores of CDRI values (in parenthesis). Each CDRI is the sum of individual
drought response indices (IDRI) of four seed-based parameters.
Low drought-tolerant (CDRI ≤ minimum CDRI + 1.0 SD); Moderate drought-tolerant (minimum CDRI + 1.0 SD < CDRI ≤
minimum CDRI + 2.0 SD) and High drought-tolerant (minimum CDRI + 2.0 SD < CDRI ≤minimum CDRI + 3.0 SD).

CL142-AR (3.03)

Moderate drought-tolerant

Classification of 15 rice cultivars into low, moderate, and high drought tolerant groups.

Low drought-tolerant

Table 2.3
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Conclusions
This study determined that maximum seed germination and seed germination rate
decreased significantly with decreasing osmotic potential among all the rice cultivars.
Cultivars varied significantly in their response to osmotic potential, and seed-based traits
provided promise for use as a screening tool to identify tolerant genotypes. Since seed
weight, however, was poorly correlated with MSG, SGR, and CDRI. Of the 15 rice
cultivars studied, five were classified as low, four as intermediate, and six as tolerant to
drought stress. Cheniere was identified as the least tolerant and RU1204122 as the most
tolerant to drought based on the seed germination traits. The tolerance level determined
for specific cultivars and hybrids currently in use in U.S. Mid-South rice production
systems could help producers in selecting varieties or hybrids to plant in their own
production systems to optimize region-specific yield potential. The most tolerant
breeding line identified could also be used for varietal release in drought-challenged areas
or for further breeding as parent to develop drought tolerant varieties. Future research,
however, is needed to test these cultivars under field conditions, at specific growth stages,
and in combination with other stresses that also affect seed germination traits in rice
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CHAPTER III
MORPHO-PHYSIOLOGICAL CHARACTERIZATION OF RICE CULTIVARS FOR
EARLY-SEASON SOIL MOISTURE STRESS RESPONSE
Abstract
Drought stress in rice affects several crop growth and physiological processes.
The majority of rice produced in the southern USA is drill-seeded and initially grown
under upland-like conditions. However, to increase the sustainability of rice production in
the U.S. Mid-South, producers are now considering direct seeding and intermittent
irrigation as management strategies to increase rainfall capture and reduce water
pumping. Moreover, in the Mississippi Delta where permanent flooding is established
after the V4 growth stage, rice seedlings may be subjected to early-season moisture
deficits. A greenhouse experiment was, therefore, conducted to evaluate the performance
of 15 commonly grown rice cultivars to early-season soil moisture stress. The rice
seedlings were subjected to three different soil moisture regimes, namely, 100, 66, and
33% field capacity, from 10 to 30 days after sowing (DAS). Soil moisture stress by
cultivar interactions (P˂ 0.001) were observed for morpho-physiological parameters,
including root traits. A total drought response index (TDRI), developed based on means
and standard deviations by summing the individual drought response index of all
cultivars, varied from 22.9 to 30.7 for the cultivars tested. Based on TDRI, the rice
cultivars with low tolerance to drought stress were Cocodrie, Lakast, CL152, XL753, CL
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XL729, CL XL745, and RU1204122; Cheniere, Mermentau, Rex, CL111, and
RU1304154 had moderate or intermediate tolerance; and CL142-AR, CL151, and
RU1104122, recently released as CL163, were highly tolerant to drought stress. The
linear and positive correlation between shoot and root TDRI values (R2 = 0.64) indicate
that any or both of the traits could be used to test the variability for drought tolerance in
rice genotypes. The drought tolerance ratings obtained through TDRI among the rice
cultivars will help rice producers select a cultivar best suited to their rice growing
environments. Additionally, rice breeders may select the drought tolerant varieties
identified as parents to develop cultivars adapted to water-limited rice growing
conditions.
Introduction
Crop responses to drought at various growth stages can results in significant
decreases in crop production. The effect of drought at the morphological level is evident
at all phenological stages of plant growth (Blum, 1996). The first striking effect of
drought is reduced germination and seedling growth (Kaya et al., 2002). Drought may
cause mortality of emerging seedlings that is aggravated by high soil temperature
(Peacock et al. 1990). The rate of various morphological and physiological processes
particularly are found to have an inverse relation to the soil moisture deficit (Farooq et
al., 2009; Lilley and Fukai, 1994c). These processes involve leaf appearance, leaf
elongation, leaf water potential, photosynthesis, respiration, tillering, carbon dioxide
assimilation, and fixation. Photosynthesis, transpiration, and translocation processes
determined by tissue water potential also depend upon levels of plant water deficit
(O'Toole and Moya, 1981). Drought stress conditions affect plant phenology by
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changing the growth pattern of plants that may result in a delay of various development
stages like panicle initiation and flowering (Lilley and Fukai, 1994b). Drought-induced
loss in crop yield is prominent among the losses from all other abiotic stresses, keeping in
mind the intensity and duration of the stress (Farooq et al., 2009). Besides the quantity of
yield loss, the negative effect on yield quality can also be influenced (Ozturk and Aydin,
2004).
Rice growth and development is sensitive to water-limited conditions due to the
plant’s shallow root system (Yoshida and Hasegawa, 1982). Upland rice develops deep
and thick roots during stress conditions to increase extraction of water from deeper soil
profiles for the plant to recover from drought. Deep and thick roots allow upland rice to
yield greater than lowland rice under stress conditions, which is vice versa under normal
conditions (Lilley and Fukai, 1994a). The rice plant shows several morphological
changes in response to water stress. These may involve leaf rolling, leaf death, increased
stomatal closure, decreased leaf elongation, and lesser dry matter production (Turner et
al., 1986). Several physiological changes such as canopy-to-air temperature differences,
canopy transpiration, and photosynthesis have also been observed in response to water
stress (Lilley and Fukai 1994c). However, these morphological and physiological traits
significantly differ among rice cultivars (Turner et al., 1986) that emphasize the
importance of screening of rice germplasm for drought tolerance. Drought during the rice
reproductive stage may even delay many development processes like panicle initiation
and anthesis (Puckridge and O'Toole, 1981; Inthapan and Fukai, 1988) resulting in
increased spikelet sterility and reduced number of panicles per area (Boonjung and Fukai,
1996a). Reduced biomass at vegetative stage and reduced number of filled grains under
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drought stress severely reduce the rice grain yields. O'Toole and Moya (1981), for
example, found reduced grain yield and increased spikelet sterility that lowered biomass
production among rice cultivars when drought was imposed at the reproductive stage.
O’Toole (1982) described the putative traits affecting rice grain yield under drought
conditions. Different methods have been used in previous studies to examine drought
tolerance among rice cultivars at different growth stages (Puckridge and O'Toole, 1981;
Lilley and Fukai 1994a). However, the previous studies on rice response to drought stress
are specific to only the late vegetative growth (active tillering) and reproductive stages.
The some study has been conducted on early growth of rice plants for the effect of
soil moisture stress at different level of water. This have made the use of osmotic media
like polyethylene glycol, and NaCl to mimic the moisture stress during seedling growth
in various crops (Perez‐Molphe‐Balch et al., 1996; Macar et al., 2009; Islam et al., 2012).
Plants develop numerous mechanisms to curtail water loss under water-deficit
conditions. Among them, enhanced uptake through prolific and extensive root system is
a prominent one. Being below ground and due to the proximity of root parts to the soil
environment, the growth of roots is considered to be one of the significant traits to
examine under the drought stress conditions. However, little attention has been paid to
the genetic aspects of root growth and responses to water stress (Fleury et al., 2010).
Genotypic differences for root parameters have been observed but the significance of
these genetic differences remain unclear (Jefferies, 1995). Furthermore, the data on root
morphology in response to drought stress and on the genetic variability of root traits is
inadequate in the literature. Analyses of these root traits relative to their response to
drought could be useful for developing selection criteria in the breeding of drought
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resistant cultivars and for improving the efficiency of a breeding program (Lilley and
Fukai, 1994c). Advanced phenotyping equipment such as the WinRHIZO that can
digitally scan and analyze the roots of various crops with increased accuracy and
effeciency (Wijewardana et al., 2015; Narayanan et al., 2014) are presently available.
Thus, screening of root parameters using these advanced technologies will help to
identify drought tolerance among varying rice genotypes.
The rice growing areas of Mississippi usually suffer early season soil moisture
stress. The major reason for this is the erratic distribution of rainfall that allows only 28%
of annual rainfall occurrence during April- September (Kebede et al., 2014). Thus,
prevailing dry climatic conditions at the time of the rice growing season in US MidSouth. Moreover, the adoption of water saving strategies like direct drill seeding, dry bed
seeding, and multiple inlet systems to replenish water in the Mississippi alluvial aquifer
may expose rice cultivars to moisture stress during growth and development. The
implementation of intermittent irrigation (Massey et al., 2014), where permanent flooding
is established after seedling growth stage, may aggravate the effects of variable moisture
stress, especially on rice seedlings. Because, there is a need for developing water saving
strategies, the overall objective of this study, therefore, is to identify tolerance to drought
among rice cultivars based on different levels of soil moisture stresses imposed during
the early seedling growth stage. The specific objective was to classify the rice cultivars
based on their degree of tolerance to the different water stress levels.
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Materials and Methodology
Seed Material
Seeds of 15 rice genotypes were obtained from the Mississippi State University’s
Delta Research and Extension Center in Stoneville, MS (33° 42´ N, 90° 92´ W). The
different genotypes were planted during the 2013 growing season under optimum and
uniform conditions. Seeds obtained on harvest were processed in a rice seed laboratory
and inspected to ensure they met the recommended seed quality standards before they
were kept in cold storage until use (Table 2.1).
The fifteen rice genotypes were then evaluated at three levels of soil moisture
contents (SMC) under greenhouse conditions at the Rodney Foil Plant Science Research
Center, Mississippi State University, Mississippi State (33° 28´N, 88° 47´W),
Mississippi, USA. The minimum and maximum temperatures in the greenhouse were
maintained at 25 and 35°C, respectively, with 70% average relative humidity recorded
each day using three WatchDog Model (Spectrum Technologies, Inc., Aurora, IL, USA).
The greenhouse used permitted 30 ± 2 % average light interception on a clear day,
examined by light meter (LI-250A Light meter, Li-COR Inc., Lincoln, NE). The
experiment was organized in a split plot design, with soil moisture as main plot factor,
cultivar as subplot factor, row as the main plot unit and the polyvinyl chloride (PVC)
plastic pots as the subplot unit. Rice seeds were sown in PVC plastic pots of 15.2 cm
diameter and 30.5 cm height filled with sandy loam soil (3:1 by volume of sand and top
soil). The pots were placed in four rows each on three benches oriented east to west. The
benches represented the three levels of soil moisture treatments- 0.160, 0.106, and 0.053
m3· m–3 soil, representing 100, 66, and 33% of field capacity (FC), respectively. The four
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rows on each bench represented the four replications/blocks, with each row
accommodating all the 15 rice genotypes. Initially, each replication was fertigated by
Hoagland nutrient solution through drip irrigation system with a drip rate of (50 mL·min–
1

). Then, a semi-automated drip irrigation system was used to maintain the three levels of

soil moisture treatments, imposed immediately after seedling emergence and continued
until the final harvest, 30 DAS (Fig. 3.1). Soil moisture content (SMC) was determined
by inserting moisture sensors (Model EC-5; Decagon Devices, Inc., Pullman, WA, USA)
at a depth of 10 cm in four pots at each soil moisture treatment (Gajanayake et al., 2013;
Eq. 3.1). The irrigation amount was determined based on the following formula every
day.
Irrigation time (min.) = (treatment SMC – measured SMC)/emitter discharge rate (3.1)
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Figure 3.1

Volumetric soil moisture content maintained across treatments during the
experimental period.

Volumetric soil moisture content across treatments before and during the experimental
period was maintained using sensor-based monitoring and irrigation system. The arrow
indicates the day the treatments were imposed. The values are mean of four replications
and standard error of the mean.
Measurements
Total number of tillers (TN), plant height (PH), the number of leaves per the main
tiller (LN), and total dry weight, and leaf area (LA) was measured using leaf area meter
(Li-3100 leaf area meter, Li-COR Inc., Lincoln, NE) at the final harvest, 30 DAP. Also,
roots were cut and separated from the stem after the harvesting. They were then scanned
using WinRHIZO Pro software (Regent Instruments, Inc., Quebec, QC, Canada) optical
scanner. Roots were washed, cleaned and untangled for scanning to acquire root images
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of 800 by 800 dpi resolution. Roots images were then analyzed to study root morphology
with a computer linked to WinRHIZO optical scanner and software analysis system. The
system provided the analyzes of ten root parameters. This includes cumulative root length
(RL), root surface area (SA), average root diameter (RAD), number of forks (RNF), root
length per volume (RLVL), number of tips (RNT), root volume (RV), number of roots
(RN), and number of crossings (RNC). Roots that had length more than 5 cm were
counted and recorded as number of roots (RN) and, the length of longest root (LRL)
among the counted roots was also measured using ruler after placing and stretching the
root part on the plane surface. In addition, plant component (leaves, stems, and roots) dry
weights were estimated by oven-drying at 75°C.
In addition, chlorophyll content using SPAD meter (SPAD-502, Minolta Camera
Co. Ltd., Japan) and quantum efficiency (Fv’/Fm’) that describes the photosynthetic
capacity of leaves using Fluor-Pen (FP 100, FluorPen meter, Drasov, Czech Republic)
were measured at 25 DAP.
Data Analysis
The shoot and root growth parameters were statistically analyzed using Sigma
Plot 13 (Systat Software, Inc., San Jose, CA, USA) and PROC MEANS and PROC GLM
in SAS 9.4 (SAS Institute Inc., 2011) using least significant difference statistic (LSD =
0.05) for comparison. Cultivars and soil moisture levels were used as sources of variance
for quantifying the influence of soil moisture treatments on early-season rice growth and
development. The correlation of the growth parameters to moisture stress was obtained
using Pearson correlation (PROC CORR) coefficient. Also, the contribution of each
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parameter in response to moisture stress was observed by principal component analysis
(PCA).
Total Drought Response Index
Rice cultivars were classified for early season drought tolerance using a computed
total drought response Index (TDRI) (Wijewardana et al. 2015). Initially, individual high
drought response index (IHDRI) was calculated by dividing the value of a parameter (Ph)
at high drought (33% FC) by the value of the same parameter (Po) at control (100% FC)
of each cultivar (Eq. 3.2). Similarly, individual moderate drought response index
(IMDRI) was calculated by dividing the value of a parameter (Pm) at moderate drought
(66% FC) by the value of the same parameter (Po) at control (100% FC) of each cultivar
(Eq. 3.3).Then, cumulative high drought response index (CHDRI) was calculated as sum
of 18 IHDRI of each cultivar that includes TN, PH, LA, LN, SW, LW, RW, RL, RSA,
RAD, RLPV, RV, RN, LRL, RNT, RNF, RNC, RS, (Eq. 3.4). Similarly, cumulative
moderate drought response index (CMDRI) was calculated as the sum of 18 IDSRI of
each cultivar (Eq. 3.5). Finally, TDRI was generated by summing CMDRI and CHDRI
(Eq. 3.6).
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TDRI = CHDRI + CMDRI

(3.6)

Results and Discussions
Early seedling growth of the rice includes the vegetative phase which begins with
first shoot and root emergence and ends with the beginning of active tillering (late
vegetative phase). This growth stage requires ample supply of water for better stand
establishment that determines the performance of the crop plant in later growth and
development and the final yield. This crucial stage is particularly governed by genetic
nature of the plant, environmental and agronomic practices. Drought tolerant rice
cultivars tend to maintain plant water status through changing morpho-physiological
characterization that may involve leaf rolling to reduce transpiration, increased rate of
leaf emergence to display greater canopy area to absorb light for photosynthesis, deep
root system with rapid emerging crown roots that widen the root zone to uptake water
and nutrients (Blum, 1996). The agronomic practices mainly irrigation and plant spacing
play key role in uniform and vigorous seedling establishment. Drought stress during this
stage could severely reduce cell division and elongation resulting in lower rate of stem
elongation and reduced leaf area (Lu and Neumann. 1998). Therefore, better
understanding of morpho-physiological changes during seedling growth is of great
interest. However, previous studies on rice responses to drought stress have been specific
to only the late vegetative and reproductive stages (Puckridge and O'Toole, 1980; Lilley
and Fukai 1994a, b, c). Only a few researchers have identified the effect of moisture
stress during early seedling growth. These studies have used different techniques such as
osmopriming, NaCl, KCl, or PEG to develop moisture stress (Macar et al., 2009; Islam et
al., 2012; Perez‐Molphe‐Balch et al., 1996). However, moisture stresses developed using
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such chemical methods require various standard functions to validate them for use under
field conditions. The present study is distinct in that it is able to inspect the effect of
drought of rice cultivars at early seedling growth by imposing moisture stress treatments
without using any priming methods. The results obtained in this study determined
considerable morpho-physiological changes in the rice cultivars when subjected to three
levels of soil moisture during early seedling growth.
Physiological Parameters
The cultivar by treatment interaction was not significant for physiological
parameters (Table 3.1). However, our study observed significant variability for quantum
efficiency (Fv’/Fm’) and chlorophyll content (SPAD value) at 33% FC among rice
cultivars. The quantum efficiency (Fv’/Fm’) showed positive and significant correlation
with increasing water stress treatments. Understanding the small differences in
physiological responses to moisture stress among cultivars is beneficial as they magnify
on replenishment in the crop growth and development with substantial physiological
activity (Turner et al., 1986). Among three levels of treatments, Fv’/Fm’ had lower
values at 66% FC than 100% FC which could be the result of severe leaf rolling that
reduces the rate of stomatal conductance and the photosynthesis under 66% FC (Lilley,
and Fukai, 1994c and O'Toole and Cruz, 1980). But cultivars like Cheniere, Cocodrie and
RU1104122 had higher values for SPAD and Fv’/Fm’ at 33% FC than 66% FC (Fig. 3.2).
Turner et al., 1986, reported marked differences in wetland and dry land rice cultivars
with respect to physiological parameters that may be the function of leaf rolling and leaf
water potential particularly during mid-day time.
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Field capacity (FC), root length (RL), projected area (PA), surface area (RSA), average diameter (RAD), root length per volume
(RLPV), root volume (RV), number of tips (RNT), number of forks (RNF), number of crossings (RNC), root weight (RW), longest
root length (LRL), number of roots (RN), plant height (PH), number of leaves per main tiller (LN), number of Tillers (TN), leaf
area (LA), leaf weight (LW), stem weight (SW), root/shoot ratio (R/S), quantum efficiency (Fv’/Fm’), SPAD value.
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Analysis of variance across the cultivars (Cult) and treatments (T) and their interaction (Cult X T) rice morphological
and physiological parameters at 25 days after planting.
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Cultivars
(100%
FC)

Source of
variance

Table 3.1
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Figure 3.2

Variability in (A) Fv’/Fm’ and (B) SPAD value of 15 rice cultivars at three
different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Shoot Parameters
The rice cultivars grown under 33 and 66% FC began to roll their leaves during
the mid-day time but started to retain their shape during pre-dusk while the cultivars
grown under 100% moisture didn’t show any wilting symptoms. Many previous
researchers have identified several morphological changes in shoot parameters during
later tillering stages and reproductive stages. O'Toole and Cruz (1980) found that
increasing stomatal closure and leaf rolling that led to reduced transpiration under
drought conditions at vegetative stages. Turner et al. (1986) concluded a marked increase
in the leaf rolling in wetland and dryland rice cultivars at lower midday leaf water
potential and completely rolled leaves at zero turgor. Lilley and Fukai (1994c) found the
largest leaf rolling in the rice cultivars most sensitive to water deficit.
The analysis of shoot parameters indicates significant moisture stress by cultivar
interactions (P˂ 0.001) for LN, TN, LA and SW (Table 3.1). Plant height, LN, TN, LA,
LW, and SW showed significant (P˂ 0.001) responses to moisture stress treatments. The
rice cultivars differed significantly (P˂ 0.001) for LN, TN, LA, and LW at three moisture
treatments (Table 3.1). The study also identified the negative correlation of the shoot
parameters with increasing soil moisture stress.
Shoot Development
Significant decline in LN under 33% FC than at control (100% FC) ranging from
13 (Cheniere) to 29 (CLXL745) with an average LN of 22. Under 100% FC, LN ranged
from 82 (XL753) to 36 (Rex) with an average LN of 52. Whereas, under 33% FC, LN
ranged from 19 (CL142-AR) to 46 (CLXL 745) with an average LN of 31. Maximum and
minimum decline in the LN was observed in XL753 (66%) and CL142-AR (41%)
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respectively with increasing soil moisture stress from 100% FC to 33% FC (Fig. 3.3).
Pearson correlation identified negative correlation of the tiller number with increasing
soil moisture stress. Significant reduction in TN with maximum and minimum decline
was observed in Cheniere (65%), and RU1104122 (40%) respectively with increasing
soil moisture stress from 100% FC to 33% FC (Fig. 3.3).
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Figure 3.3

Variability in (A) tiller number and (B) leaf number of 15 rice cultivars at
three different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Shoot Growth
The PH of all rice cultivars was significantly shorter at 66 and 33% FC compared
to cultivars grown at 100% FC. The variability in plant height was 19.8 cm (Rex) to 25.5
cm (RU1304154) with an average PH of 22.61 cm across all the cultivars under 100%
soil moisture content. Under 66% FC, PH ranged from 16.85 cm (Rex) to 19.37 cm
(RU1304154) with an average PH of 17.65 cm while significantly smaller plants were
observed under 33% FC that ranged from 11.17 cm (Cheniere) to 17.47cm (CL111) with
an average 14.83 cm. The maximum and minimum decline in the PH was observed in
Cheniere (46%) and CL142-AR (22%), respectively, with increasing soil moisture stress
from 100 to 33% FC (Fig. 3.4). Further, decreasing PH severely reduces the SW under 66
and 33% FC (Table 3.1). But cultivars interactions for plant height (PH), and SW were
not significant (P > 0.05) at 66, and 33% FC (Table 3.1).
Leaf area (LA) under water stressed conditions was severely reduced. Drought
conditions allows intense leaf rolling that could potentially lower the stomatal
conductance and subsequently the transpiration rate (Lilley and Fukai, 1994c). The
reduced rate of stomatal conductance under stress could significantly reduce the quantum
efficiency that measures the rate of photosynthesis (Table 3.1). Therefore, one can easily
expect reduction in biomass production and the final yield with decreasing rate of
physiological activity and leaf expansion (Lilley and Fukai, 1994b). In the present study,
average LA at 100, 66 and 33% were 324 cm2, 163 cm2, and 92 cm2 respectively.
However, LA significantly varied among cultivars ranging from 154cm2 (Cheniere) to
607 cm2 (XL753) under 100% FC, 104 cm2 (Cheniere) to 243 cm2 (XL753) under 66%
FC, and 49 cm2 (Cheniere) to 130 cm2 (XL753) under 33% FC. Since, the development
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of water stress on any cultivar vary due to difference in their ability to extract soil water,
root depth and transpiration rate (Lilley and Fukai, 1994b). Among 15 cultivars tested in
this study, CL XL745 showed maximum decline (82%) and Rex showed minimum
decline (57%) in the LA across the three levels of treatments (Fig. 3.4).
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Figure 3.4

Variability in (A) plant height and (B) leaf area of 15 rice cultivars at three
different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Above-ground Weight
The above ground dry weights that involves stem weight and leaf weight were
found significantly less under 33% FC than under 100% FC as a result of soil moisture
stress. Cultivars by treatment interactions were also significant for above ground weight
of the cultivars. Chinere had minimum stem and leaf weight at all three levels of soil
moisture treatments (Fig. 3.5). Also, positive and linear correlation were observed for leaf
weight with PH (R2 = 0.34), TN (R2 = 0.75), and LA (R2 = 0.60) under 33% FC. Also, we
observed positive and linear correlation of stem weight with PH (R2 = 0.28), TN (R2 =
0.66), and LA (R2 = 0.46) under 33% FC. Since, PH, LA, and TN had significantly
smaller values at 33% FC than 100% FC and therefore, that may have directly
contributed to lesser above ground weight (Lilley and Fukai, 1994c; Boonjung and Fukai,
1996b; De Datta et al., 1975) under moisture stress conditions.
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Figure 3.5

Variability in (A) leaf weight and (B) stem weight of 15 rice cultivars at
three different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Root Parameters
Root growth and development in response to soil moisture deficits have not been
addressed previously because of difficulties in accurately measuring the root traits. To
our knowledge, this is the first study to examine the root morphology of several rice
cultivars under varying soil moisture capturing root images with WinRHIZO optical
imaging and analysis with WinRHIZO Pro software system (Fig 3.6). Cultivars and
moisture stress by cultivar interactions were highly significant (P˂ 0.001) for RL, RSA,
RAD, RLPV, RV, RNT, RNF, RNC, RW, LRL, RN, and R/S (Table 3.1). In addition, the
present research also analyzed adventitious root morphology such as RNT, RNF, and
RNC in response to moisture stress in rice that are limited in literature. The rice cultivars
showed a significant difference (P˂0.001) for most root parameters that expressed the
genetic variability among cultivars for the root traits at three soil moisture treatments
(Table 3.1).

Figure 3.6

Scanned images of root morphology using WinRHIZO optical scanner of
the rice cultivar, Rex at three levels of moisture stress treatments.
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Root Development
Root development includes root number, RNF, RNT, and RNC that contributes
significantly in water and mineral uptake during later growth and development stages
showed significant variability across the treatment RN were significantly less at 66 and
33% FC moisture stress than at 100% FC. Among 15 cultivars, XL753 showed maximum
decline (47.9%) and CL142-AR showed minimum decline (13.06%) in the RN across
variable moisture conditions (Fig. 3.7).

Figure 3.7

Variability in total number of roots of 15 rice cultivars at three different
soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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The present studies further observed significant variability among cultivars for
RNF, RNT, and RNC. The minimum and maximum RNT, RNF and RNC were observed
in Cheniere and CL XL 729 respectively (Fig. 3.8). These roots parameters play
significant role in the ability for rice to recover from drought stress during seedling
growth. The analysis of such important adventitious root parameters have been limited in
previous root studies in rice. Therefore, the use of such adventitious root parameters in
screening of rice cultivars would ensure adaptation of identified tolerant cultivars under
limited environments.
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Figure 3.8

Variability in (A) number of tips and (B) number of forks and (C) number
of crossings of 15 rice cultivars at three different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Root Growth
The cumulative root length (RL) significantly varied among the cultivars at 33%
FC ranging from 3191 cm (Cheniere) to 6032 cm (CL 111) with an average RL of 5250,
but found no correlation to PH. RL involves greater heritability (Narayanan et al., 2014)
and therefore selecting genotypes based on RL is of great importance. However, the
inherent difference in the rooting pattern of rice cultivars is vital for screening in response
to moisture stress (Lilley and Fukai, 1994a). The study observed the RL in CL XL729
under 33% FC was half of the RL obtained at 100% FC. On other hand, CL142-AR
showed slight decline in RL across the treatments (Fig. 3.9). Previous studies reported
deep and thick roots system in upland rice as a mechanism of adaptation to water stress
conditions (Chang and Vergara, 1975). However, cultivar difference for LRL, and RN
were not significant (p> 0.05) at 33% FC (Table 3.1 and Fig. 3.9). Rice plants have a
shallow root system and, therefore, greater contact of soil to root surface could allow
greater uptake of water and nutrient to achieve higher SW and final yield (Narayanan et
al., 2014).
Several inherent root patterns of rice cultivars like RL, RV, root thickness ((Lilley
and Fukai 1994a; Ekanayake et al.; 1985) were found significant for water extraction
under limited water conditions. Variability in RV was highly significant among 15 rice
cultivars at three different soil moisture treatments. At 33% FC, RV varied from 2.5 cm3
(Cheniere) to 7.3 cm3 (Cocodrie) with an average RV of 6.6 cm3. Ekanayake et al. (1985)
identified that the root parameters, RL and RV are highly correlated to the ability for rice
to recover from moisture stressed conditions under field conditions. This may be due to
the fact that root with larger volume have wide diameter and, therefore, can easily
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penetrate into the hard surface to uptake water from deeper layers. The contrasting
decline in RV among the cultivars was observed across the treatment significantly
varying from 47.9% in XL753 and 13.06% in CL142-AR respectively (Fig. 3.9).
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Figure 3.9

Variability in (A) cumulative root length, (B) longest root and (C) root
volume of 15 rice cultivars at three different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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In the present research, RSA was positively correlated to TN (R2 = 0.66), and SW
(R2 = 0.67) at 33% FC. Significant variability in RSA among the cultivars was observed
at 33% FC ranging from 321 cm2 (Cheniere) to 821 cm2 (XL753) with an average RSA
of 660 cm2. Thus, the contrasting genotypes based on RSA would allow better selection
criteria for identifying drought tolerance. Among the cultivars tested, CL142-AR showed
5 times greater tolerance than Cheniere across the treatments (Fig. 3.10). The present
study further observed significant cultivar interactions based on RLVL and RAD at three
moisture stress treatments. Overall, we observed an average decline of RLVL by 12%
across the three levels of soil moisture treatments from 100 % FC to 33% FC. While the
cultivar, Mermentau showed the least change with respect to RLVL and while maximum
change in RLVL was observed in Lakast that was 10 times the change observed in the
Mermentau with respect to RLVL on increasing soil stress from 100% FC to 33% FC
(Fig. 3.10). On other hand, on average, root diameter had a slight decline from 0.50 cm to
0.40 cm in response to increasing soil moisture stress from 100% FC to 33% FC
respectively. The cultivars like Cheniere, Mermentau, Rex and CL111 showed less than
10% decline in RAD with increasing soil moisture stress from 100% to 33% FC. In
contrast, root diameters of XL 753, CL XL729, and CL XL745 observed at 33% FC were
half of the observed diameters at 100% FC (Fig. 3.10).
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Figure 3.10

Variability in (A) root surface area, (B) root length per volume and (C)
average root diameter of 15 rice cultivars at three different soil moisture
treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Root weight was significantly less at 33% FC (Fig. 3.11). We observed positive
and strong correlation of RW with RL (R2 = 0.77), RV (R2 = 0.70), RAD (R2 = 0.65) that
showed that many any other root parameters like root length, RV, RAD directly
contributes root dry weight. Cultivars having higher values for RL, RAD, RSA, and RN
could have higher values for root weight. In contrast, to other root parameters, root/shoot
ratio (R/S) was significantly higher under water stress conditions than the optimum water
conditions. That may be due to an osmotic adjustment that results in higher accumulation
of assimilates in the roots (Hsiao, 1973). (Fig. 3.11).
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Figure 3.11

Variability in (A) root-shoot ratio (B) root weight of 15 rice cultivars at
three different soil moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
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Total Dry Weight
The present study observed significant variability among rice cultivars with
respect to plant component (leaves, stems, and roots) dry weights that estimate total dry
weight showed at three moisture stress treatments (Fig. 3.12). Overall, TDW decreases
with the increase in the soil moisture stress. That may due to significant reduction in PH,
TN, LN, and root growth under water stress conditions. The present study observed
positive correlation of TDW with TN (R2 = 0.44), RW (R2 = 0.33), LN (R2 = 0.55), and
LA (R2 = 0.37). Reduced LA reduces the intercepted area, and that is intensified by leaf
rolling under moisture stress and causes marked reduction in the LW, SW in rice. The
cultivars varied significantly in their ability to recover across variable moisture stresses
with respect to TDW. The overall decline in the TDW varying from 74% in XL753 to
47% in CL111 with increasing soil moisture stress from 100 to 33% FC (Fig. 3.12). This
may be due to genotypic variation relative to water use efficiency and radiation use
efficiency. Boonjung and Fukai (1996a) reported dry matter production is the mainly a
function of radiation interception during early growth and found significant decline in
shoot dry matter with decreasing radiation use efficiency.
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Figure 3.12

Variability in total dry weight of 15 rice cultivars at three different soil
moisture treatments.

Measurements were taken at the final harvest, 30 days after sowing. The average value of
a given parameter at each soil moisture treatment are shown as horizontal dotted lines.
Error bars in the graph indicate means of four replications and standard errors.
Linear correlation (R2 = 0.64) obtained based on total root drought response index
to total shoot drought response index values showed the significance of studying the root
and shoot parameters in combination for developing screening tools to improve drought
tolerance in rice (Fig. 3.13). However, the present study observed higher and positive
eigenvector values of PCA1 for shoot parameters SDW, LDW, LA, TN, and lower but
positive for RV, RSA, RLVL, and RN. Thus, the study confirms that the rice cultivars
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showing variability in their early physiological and morphological development provide
the estimates of genetic variability for drought tolerance.

Figure 3.13

The relationship between root and shoot total drought responses index for
the cultivars used in the study

Total Drought Response Index (TDRI)
The Total drought response index (TDRI) method provided the variability and
selecting criteria for screening rice germplasm for drought tolerance. Similar
methodologies have applied for screening corn hybrids for cold tolerance variation and
classification using root and shoot morpho-physiological traits (Wijewardana et al. 2015).
Shoot, and root trait variation has also been used in genotype classification (Narayanan et
74

al., 2014). The TDRI values in this study varied from 22.87 to 30.72 and based on means
and standard deviations three drought tolerant groups were identified (Table 3.2). The
cultivars, Cocodrie, Lakast, CL152, XL753, CL XL729, CL XL745, and RU1204122
were identified as low drought tolerant cultivars. Cheniere, Mermentau, Rex, CL111, and
RU1304154 were moderate drought tolerant, and CL142-AR, CL151, and RU1104122
were high drought tolerant among the 15 cultivars (Table 3.2). Massey et al. (2014) have
identified similar or greater yields for CL142-AR, CL151, and CL111 when grown under
intermittent flooding irrigation compared to continuous flooding. Therefore, the
moderately and high drought tolerant cultivars in this study may have inherent tolerance
to drought in the field conditions with alternate wetting and drying conditions under
intermittent irrigation.
Table 3.2

Classification of 15 rice cultivars based on total drought response index
(TDRI).

Low Tolerant

Moderate Tolerant

High Tolerant

CDRI = 22.87-26.11

CDRI = 26.12-29.35

CDRI = 29.36-32.59

CLXL729 (22.87)

CHINERE (27.03)

RU1104122 (30.72)

CL152 (22.91)

RU1304154 (27.04)

XL753 (23.34)

CL111 (28.62)

CLXL745 (23.44)

MERMENTAU (28.95)

COCODRIE (24.13)

REX (29.01)

CL151 (31.76)
CL142-AR (32.21)

RU1204122 (24.95)
LAKAST (25.90)
Classification of 15 rice cultivars based on total drought response indices (TDRI), along
with individual scores of total drought response indices (TDRI). Each total drought
response indices is the sum of cumulative high drought response index and cumulative
moderate drought response index of shoot and root growth based parameters.
Low drought-tolerant (TDRI ≤ minimum TDRI + 1.0 SD); Moderate drought-tolerant
(minimum TDRI + 1.0 SD < TDRI ≤ minimum TDRI + 2.0 SD) and High droughttolerant (minimum TDRI + 2.0 SD < TDRI ≤minimum TDRI + 3.0 SD).
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Conclusions
Any factor that affects early-season shoot and root growth and developmental
parameters is important since these attributes contribute to canopy development and later
solar radiation interception to maximize photosynthesis and dry matter yield. The study
showed that significant variability exists in rice cultivar’s response to moderate and
severe drought stress conditions. Both shoot and root parameters differed for many traits
measured and for the combined drought responses indices among the cultivars. The
combined drought response index varied from 22.9 to 32.6, and based on means and
standard deviations, seven cultivars were identified as drought sensitive, five as
moderately sensitive and three as drought tolerant among the 15 cultivars tested. The
cultivars CL XL729 and CL142-AR were identified as the least and the most tolerant for
drought, respectively. Rice genotypes identified as drought tolerant could be selected for
variable soil moisture conditions for dry-seeded rice cultivation in the production
environment. Further, selecting these cultivars as parents in the breeding program would
assist in developing drought resistant cultivars for the current and projected future
climatic conditions where increased variability in rainfall intensities are projected
(Kebede et al., 2014). However, there is need to test these cultivars at different growth
stages with alternate wetting and drying management conditions before using in breeding
and management decisions.
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CHAPTER IV
SUMMARY AND CONCLUSIONS
The dry-seeded, delayed-flood culture with alternate wetting and drying weather
irrigation management options to grow and sustain rice is favored in US Mid-south.
Understanding the variation in response to soil moisture deficit among rice cultivars
during seed germination and early-seedling growth would benefit in management and in
breeding programs. Two experiments were conducted to evaluate rice cultivars responses
to moisture stress during seed germination and early-seedling growth. In Experiment, I,
in vitro seed germination of 15 rice cultivars that are commonly grown in the US Midsouth were evaluated using polyethylene glycol (PEG) as osmaticum to create various
osmotic potentials. In Experiment II, the rice cultivar responses to early-season soil
moisture were evaluated under greenhouse conditions.
The objectives of Experiment I were to quantify the effect of osmotic potential on
the germination rate of the rice genotypes and to classify the rice cultivars into different
drought tolerant groups based on the seed germination traits. From the time-series for
seed germination response functions at wide range of osmotic potentials, 0 to -1.0 MPa,
maximum seed germination (MSG), time to 50% maximum seed germination and
germination rate were estimated by fitting a 3-parameter sigmoid function. Best-fit linear
and quadratic functions were fit between seed germination traits (MSG and SGR) and
osmotic potential to estimate maximum osmotic potential when seed germination is zero
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(MSGOPmax), and maximum osmotic potential when seed germination rate is zero
(GROPmax) for each cultivar. Cultivars differed significantly for MSG, SGR, MSGOPmax,
and GROPmax. Maximum seed germination and SGR declined significantly with
decreasing osmotic potential. Then, cumulative drought response indices (CDRI) were
developed by summing individual response indices of all cultivars. Rice cultivars were
classified based on means and standard deviations of CDRI into low, moderately, and
high drought-tolerant groups. Cheniere was identified as the least tolerant and
RU1204122 as the most tolerant to drought based on the seed germination traits.
The objectives of the second study were to quantify the soil moisture stress effects
on morphological traits including roots and physiological processes of the 15 rice
cultivars and to classify them into drought tolerant groups based on the degree of
tolerance. Several growth and developmental parameters were measured at three different
soil moisture regimes, 100, 66, and 33% field capacity, from 10 to 30 days after sowing
(DAS). Soil moisture stress by cultivar interactions (P˂ 0.001) were observed for
morpho-physiological parameters including root traits.
A total drought response index (TDRI), developed based on means and standard
deviation by summing the individual drought response index of all cultivars, varied from
22.9 to 30.7 for the cultivars tested. Based on TDRI, rice cultivars Cocodrie, Lakast,
CL152, XL753, CL XL729, CL XL745, and RU1204122 were identified as low,
Cheniere, Mermentau, Rex, CL111, and RU1304154 as moderately low, and CL142-AR,
CL151, and RU1104122, recently released as CL163, highly tolerant to drought stress.
The linear and positive correlation between shoot and root TDRI values (R2 = 0.64)
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indicate that both traits could be used to test the variability among the rice cultivars for
drought tolerance.
Based on seed and early-season growth and developmental responses,
RU1104122, Rex, CL111 and RU1304154 were identified as drought tolerant among the
rice cultivars tested. However, classification that includes both seed germination and
early seedling growth parameters would be helpful to better understand the cultivar
responses to early season moisture stresses. The drought tolerance ratings among the rice
cultivars will help rice producers select a variety best suited to their rice growing
environment. Further, identified drought tolerant cultivars can be used as parents in rice
breeding programs to develop drought tolerant cultivars for US Midsouth growing
environment.
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